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Introduction
Low oxygen tension (hypoxia) orchestrates several cell functions and is critical in health and disease (1) (2) (3) (4) . Hypoxia-inducible factor 1α (HIF1α) is an essential factor to maintain chondrocyte homeostasis and allow cell differentiation (5, 6) . HIF1 is a heterodimeric DNA-binding complex containing a constitutive HIF1β subunit and HIF1α subunit. In hypoxia, HIF1 binds to the hypoxia response elements of target genes, whereas in normoxia, HIF1α is hydroxylated, thereby leading to its degradation. Indeed, HIF1α hydroxylation is recognised by the von Hippel-Lindau tumor suppressor protein (pVHL), an E3 ubiquitin ligase that targets HIFα for proteolysis in the proteasome (7) . The HIF1α pathway interacts with different cell signaling pathways, among them Wnt signaling. Indeed, HIF1α interacts with β-catenin in regulating cell growth and survival. In embryonic stem cells, HIF1α-β-catenin complexes upregulate lymphoid enhancerbinding factor 1 and transcription factor 1 (TCF1), which activates Wnt signaling (8) , whereas in colorectal cancer cells, HIF1α blocks the TCF4-β-catenin interaction and transcriptional activity, thus inhibiting canonical Wnt signaling (9) .
Cartilage loss characterizes osteoarthritis (OA), one of the most frequent joint disorders, but available treatments are poorly efficient to prevent joint destruction (10, 11) . Therefore, the need for novel drug targets to treat OA is paramount. Matrix metalloproteinase 13 (MMP13) triggers the degradation of articular cartilage. Indeed, chondrocyte-specific deletion of MMP13 alleviated OA in mice; the Wnt family members were candidates for the regulation of MMP13 expression in chondrocytes because its expression was increased in chondrocytes from mice with conditional activation of β-catenin (12) . Cumulative data showed that Wnt activity is low 5 under physiological conditions, and activation of Wnt signalling contributes to cartilage breakdown in OA (13, 14) . The modulation of Wnt inhibitors had significant effects on chondrocyte catabolism of mice. Indeed, loss of sclerostin enhanced cartilage degradation (15) and the overexpression of Dkk-1 alleviated OA (14) . Despite the hypoxic status of cartilage (16) , the involvement of hypoxia in regulating Wnt signalling and MMP13 expression in cartilage is still unclear.
We studied the role of HIF1α in regulating Wnt signaling in cartilage of mice with conditional knockout of HIF1α (∆HIF1α chon ) and induced OA. Hypoxia maintained low Wnt/β-catenin signaling via HIF1α, which lowered MMP13 expression, then prevented chondrocyte catabolism and cartilage loss. We here therefore highlight the role of HIF1α in cartilage remodeling and loss during OA and provide a novel mechanism of microenvironmental regulation of Wnt signaling.
Results

HIF1α deletion in chondrocytes enhanced OA development and MMP13 expression in mice.
Articular chondrocytes are physiologically in a hypoxic state that might be altered in OA (5) . To monitor oxygen tensions in OA chondrocytes, we administered a hypoxyprobe (pimonidazole hydrochloride) to control and OA mice. Hypoxia levels were markedly decreased in all layers of the OA articular cartilage, as shown by immunohistochemistry and by the decreased number of hypoxic cells (Fig. 1A) . HIF1α was expressed in undamaged articular cartilage at baseline but its level decreased significantly in OA joints along with the increased cartilage damage (Fig. 1B) .
Noteworthy, the number of Hif1 expressing cells was steadily downregulated after 6 destabilization of the medial meniscus (4 and 6 weeks) whereas OA damage increased in a time dependent manner.
To determine the role of HIF1α in OA development, we generated mice with inducible conditional knockout of HIF1α by mating COL2-Cre ERT mice with HIF1α fl/fl mice in which the recombination was induced by tamoxifen. We first verified that the Cre-lox recombination occurred correctly in cartilage; COL2-Cre ERT ; R26R and R26R mice were injected with tamoxifen as controls. β-galactosidase was expressed in the articular cartilage of COL2-Cre ERT ;R26R mice, thus tamoxifen induced Cre-lox recombination in chondrocytes ( Supplementary Fig. S1 ). OA was induced in ∆HIF1α Chon mice 1 week after tamoxifen injections. OA cartilage lesions were increased in ∆HIF1α Chon mice as showed by the OARSI score (Fig. 1C) . As HIF1α is a survival factor, we assessed chondrocyte apoptosis in OA in the absence of HIF1α. The number of apoptotic cells was increased in ∆HIF1α Chon mice although the OA score remained unchanged (Fig. 1D) . TUNEL positive cells were further increased in ∆HIF1α Chon mice with DMM. As previously described, the expression of MMP13 was induced in OA mice. This increase is enhanced in ∆HIF1α Chon mice along with the exacerbated cartilage loss (Fig. 1E) silencing, there was no effect of HIF1α knock-down in COL2A and Mmp13 in normoxia (Fig. 2D ).
Furthermore, HIF1α knockdown has no effect on the nuclear translocation of EPAS1 (Fig. S2B ).
Loss of HIF1α promoted the Wnt-induced Mmp13 expression and the transcriptional Wnt targets ( Fig 2E) and confirmed by Cre-Lox recombination ( fig. 2F and 2G ). This was not observed when EPAS1 was knocked-down ( Fig. S2C ).
To confirm that HIF1α inhibits MMP13 expression by blocking transcription of Wnt targets, we stabilized HIF1α in normoxic chondrocytes upon VHL deletion using Cre-Lox recombination.
HIF1α increase with VHL deletion was confirmed by Western blot analysis ( Fig. 2H ) and led to increased MMP1,3 Axin, and Wisp1 expression in normoxia (Fig. 2I) . Moreover, stabilization of HIF1α did not affect the transcription of the anabolic marker COL2A1 (Fig. 2I ). Thus the regulation of anabolic markers is independent of the HIF1α pathway. Because loss of VHL stabilizes both HIF1 and Epas1, we used an overexpression of constitutive stabilized HIF1 in chondrocytes (18) . We found that HIF1α abolished Mmp13 expression induced by Wnt (Fig. 2J ).
Thus, HIF1α alone is able to inhibit Wnt-induced MMP13 expression.
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HIF1α-β-catenin interaction reduced TCF4 binding to the MMP13 regulatory region. Upon
Wnt pathway activation, β-catenin accumulates in the cytoplasm, translocates into the nucleus, binds to TCF transcription factor and activates the transcription of target genes (19) . Wnt activation increases the levels of catabolic markers under normoxia (16) . We then investigated whether the translocation of β-catenin is reduced in hypoxia. Wnt3a promoted β-catenin translocation into the nucleus and its protein expression regardless of O 2 level (Fig. 3A, Fig. 3B ).
Thus, hypoxia reduced transcriptional activity of β-catenin independently of nuclear β-catenin translocation.
We investigated whether HIF1α inhibits Wnt activity by direct interaction between HIF1α and β-catenin. In hypoxia, HIF1α and β-catenin co-localized in the nucleus of Wnt3a-induced chondrocytes ( fig 4A) , suggesting a possible interaction within nuclear complexes. Indeed, coimmunoprecipitation in nuclear extracts assay revealed HIF1α-β-catenin interaction complexes in hypoxia (Fig. 4B ). However, EPAS1 failed to co-immunoprecipitate with β-catenin in normoxia and hypoxia (Fig. S2D ). We next assessed the impact of HIF1α-β-catenin interaction on the transcriptional activity of TCF4-β-catenin complexes. In chondrocyte stimulated by Wnt3a, the formation of TCF4-β-catenin nuclear complexes was decreased in hypoxia compared to normoxia (Fig. 4B ). These data suggest that under hypoxia, β-catenin may bind preferentially to HIF1α rather than TCF4, thus reducing Wnt/β-catenin signaling.
MMP13 is targeted by both HIF and Wnt signaling (20) (21) (22) (23) (24) . To better characterize the role of HIF1α-β-catenin interaction in inhibiting Wnt/β-catenin signaling and MMP13 expression under hypoxia, we assessed TCF4 binding to the MMP13 regulatory region by CHIP assay (Fig. 4C) Fig. 5A and 5B). Moreover, PKF118-310 resulted in a reduced number of apoptotic cells in OA mice (Fig. 5C) . Loss of HIF1α enhanced cartilage damage by increasing TCF4-β-catenin complexes, which activated MMP13 expression.
Discussion
Hypoxia is a characteristic of physiological articular cartilage (5, 25 Chondrocytes were harvested from 6-day-old mice and cultured with 10% fetal bovine serum (50% confluence). Recombination, transient overexpression and plasmid (18) Primer sequences are detailed in supplemental data.
Immunocytochemistry. Cells were cultured in 24-well plates containing cover glasses, fixed for 15 min with 4% formaldehyde (w/v). Cultures were saturated with 3% BSA for 60 min at room temperature, then incubated with the antibodies rabbit primary anti-HIF1α, mouse primary anti-β-catenin and anti-EPAS1 (All Santa Cruz Biotechnology) for 1 h. Cultures were incubated for 60 min with Alexa dye 488-conjugated rabbit secondary antibody or Cy3 dye-conjugated mouse secondary antibody. Cells were observed with Axio Observer Z1 (Zeiss).
Quantification of proteoglycan release, western blots analysis and immunoprecipitation.
Proteoglycan release was measured in the supernatant by colorimetric method. Whole cell lysates and nuclear extracts were prepared and proteins were extracted (n = 3 independent 14 experiments). Immunoprecipitation, cloning and reporter gene assay are described in the supporting file.
Mice. To evaluate the expression of HIF1α during OA, we induced joint instability in 10-week-old male C57BL6 mice (Janvier, France) by destabilization of the medial meniscus (DMM) of the right knee, with sham operation performed on the left knee as described (34) . Mice were killed at weeks 0 (n=3), 4 (n=5) and 6 (n=5) after OA induction. fl/fl HIF1α, R26R and COL2Cre analysis of protein levels of EPAS1 and β-catenin.
